Introduction
Azidoquinones constitute a remarkably versatile class of synthetically useful reagents. They are easily prepared and can function as penultimate precursors to a large variety of other compounds, among which are azidohydroquinones,ly2 aminoq~inones,1-~ y-cyanoalkylidene-A5~~-butenolides,4 2-cyanocyclopent-4-ene-l,3-diones,6 azepine-2,5-diones,6 diacyl cyanides,' 3-cyano-2-aza-l,4-quinones, 4-acetoxy-1,2-quinone-2-(N-a~etyl)imines,~ trans,trans-1,4-diacetoxycis,cis-1,4-dicyanobuta-1,3-diene~,~ 2-alkenyl-2,3-dihydroindole-4,7-dione~,'~ benzo [ flindole-4,9-diones," and cyanoketens. l2 Many of these compounds are themselves members of new or relatively unexplored classes of compound and should find synthetic utility in their own right. It is the purpose of this review to discuss the synthesis and chemistry of azidoquinones as well as certain of those compounds to which they are structurally and chemically related.
Synthesis of Azidoquinones
The literature contains over seventy examples of variously substituted mono-, di-, and poly-azido-l,4-benzo-, -1 ,4-naphtho-, and -1,2-naphtho-quinones. Almost without exception these compounds are prepared by the reaction of halogeno-or acetoxy-substituted quinones (1) with inorganic azide in aqueous alcohol, being generally obtained as highly coloured crystalline solids which are safely manipulated under normal laboratory conditions. One exception is tetra-azido-l,4-b e n z~q u i n o n e ,~*~~J~ a beautiful deep-purple solid which is extremely shock and thermally sensitive and should be handled with great caution. The fact that
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quinones bearing halogenoJ6 as well as acetoxy-le groups are readily available translates to a versatile synthesis of azidoquinones (2). Yields are usually high, particularly when the leaving group is a halide ion.
(1 1 X = C1, Br, or OCOMe
Reactions of Azidoquinones
A. Reduction.-Azidoquinones are reduced under a variety of conditions to the corresponding primary aminoquinones (Na2S201, H2/Pd-C, HJPt,O, H2/Pt-C).1s2J7-1B The scope of this reaction has not been extensively explored. However, it does appear to provide potentially one of the best methods of introducing an amino-substituent on to the quinoid nucleus. The yields are high and the conditions mild.
The mechanism of the sodium dithionite reduction is quite interesting in that the quinone nucleus is initially reduced to the hydroquinone which then apparently disproportionates to the corresponding aminoquinone and nitrogen. This latter step was proposed by Fieser and Hartwell' to explain the smooth conversion of 1 ,Qnaphthoquinone (3) into 2-amino-1,4-naphthoquinone (4) upon its treatment with hydrazoic acid in glacial acetic acid. Subsequent investigations showed that azidohydroquinones do indeed undergo a thermally induced oxidation-reduction to the corresponding aminoquinones (5).2*20 Whether this is an intra-or inter-molecular process is not clear and awaits further work. An implication that the latter is IikeIy comes from the fact that the unsymmetrical diazide, 2,5-diazido-3-methyl-5-isopropyl-l,4-benzoquinol (6) gives 2-amino-5-azido-3-methyl-6-isopropyl-1,6benzoquinone (7) and 2-amino-5-azido-6-methyl-3-isopropyl-1,4-benzoquinone (8) in the ratio of 2: 1. Closer to a 1 :1 mixture might be anticipated for an intramolecular reaction. The thermal decomposition of symmetrical diazidohydroquinones, (9) and (1 l), gives a Moore specific reduction of only one azide group and provides an efficient route to 2-amino-5-azido-l,4-benzoquinones (10) and (1 2 
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An additional use of this reaction has recently a~peared.'~ The naturally occurring aminoquinone rhodoquinone-9 (1 3)a1 was obtained from the azidoquinone (14) via sodium dithionite reduction to the azidohydroquinone (15) and subsequent thermal decomposition.
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One can envisage other non-reductive routes to azidohydroquinones. For example, the 1,4-addition of hydrazoic acid to 1,4-benzo-and 1,4-naphthoquinones has been considered. As mentioned above, such an addition was proposed by Fieser and Hartwelll to explain the formation of 2-amino-1,4-naphthoquinone (4) from 1 ,4-naphthoquinone and sodium azide in glacial acetic acid. Under the same conditions, benzoquinone reacts to give a 35% yield of 2,5-dia~idohydroquinone~~ 3 22 (9). However, 2-me t hyl-1,4-nap hthoquinone and 4-methy1-ly2-naphthoquinone failed to react.' Under strongly acidic conditions, cold concentrated sulphuric acid, the reaction takes an entirely different course; variously alkyl-substituted quinones (1 6a-e) react with hydrazoic acid to give azepinediones (17a-e) rather than azidohydroquinone~.~~-~~ Under the same conditions 2-hydroxy-l,4-naphthoquinone (1 8) undergoes a deep-seated rearrangement to 3-oxo-A1a-isoindolineacetic acid (1 9 
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examples in which such a migration takes place are found in the photolytic decomposition of dimethyl diazid~malonate~l and the pyrolytic decomposition of 2,2-diazido-and 2-azid0-2-aryl-indane-1,3-dione.~~ Unlike the monoazide series, the 1,4-diacetoxy-2,3-diazidobenzenes (26i-k) smoothly undergo thermally induced ring-cleavage in reflwing o-dichlorobenzene to give the trans,trans-l,4-diacetoxy-cis,cis-l,4-dicyanobuta-l,3-dienes ( 32) -(34), respectively.* These highly functionalized dienes, which can be regarded as the acylated cyanohydrins of bis-ketens, are masked 1 ,4dicarbonyl moieties and m a y find according synthetic utility. The formation of 1,3-dienes from odiazidobenzenes appears to be a general reaction, the first examples having been reported by Hall 
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A particularly interesting example of this pyrolytic cleavage was observed when 1,4-diacetoxy-2,3-diaidonaphthalene (26h) was thermally decomposed. The presumed intermediate quinodimethane collapsed to the truns-and cis-benzocyclobutenes (35) and (36). In addition, the unexpected isoquinoline (37) was isolated as the major product. The formation of 1,4-diacetoxy-3-cyanoisoquinoline (37) from (26h) is most intriguing and must result from a very deepseated rearrangement. An attractive possibility for such a mechanism is based upon the fascinating gas-phase equilibrium of phenylnitrenes and cx-pyridyl~a r b e n e s .~~
In the case at hand, the nitrene (38) could rearrange to the azidocarbene (39), which upon nitrogen loss would give (37). (45) and aminoquinone (46) intermediate^.^? Mosby and S i l~a~~-~O have investigated the reactions of certain 2,3-diazido-1,4-quinones with phosphines and phosphites. When two molar equivalents of triphenylphosphine were added to a solution of 2,3-diazido-l,4-naphthoquinone (47), 2,3-triphenylphosphoranylidenearnino-1,6naphthoquinone (48) and the interesting and unanticipated triazoline (49) were isolated. The ratio of these products was markedly dependent upon the solvent employed; in benzene the ratio (48): (49) The conversion of (69) into (62i) required no external source of acid. Simply refluxing a solution of the azidoquinone (69) in chloroform for a few minutes induced its rearrangement to the butenolide in 65% isolated yield. Here, an intramolecular acid-catalysed process can be envisaged, as shown. This rearrangement is not simply a thermal process since, as is discussed below, azidoquinones thermally ring-contract to 2-cyanocyclopent-4-ene-l,3-diones. 0 
OCOMe OCOMe
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The rearrangement of azidoquinones to butenolides appears to be quite generaI. Exceptions which have been reported are for 2,5-diazido-l,4-benzoquinones (71) with bulky substituents (t-butyl and t-pentyl) in the 3-and 6-positions, and for 2-azido-3-vinyl-l,4-naphthoquinones (72). The former react to give the tetrazoles ( Chemistry of Azidoquinones and Related Compoundr pivotal biological importance, can be viewed as derivatives of the partially reduced cyclopentene-1,3-dione ring system. Of importance here is the fact that this basic ring system can be conveniently prepared in good yield from the readily available 2-azido-l,4-benzo-and -ly4-naphtho-quinones. The general structures (63) and (79) illustrate the synthetic scope of this transformation. Table 2 For R1-R8, see Table 2 . The mechanism of this reaction has been studied in some detail? Based upon product analysis, activation parameters, and the absence of kinetic solvent effects and substituent effects, the mechanism shown in Scheme 1 has been presented.
The synthetic limitations of this reaction thus far reported are for those azidoquinones in which the substituent adjacent to the azide group is a proton, a vinyl group, or a substituted amino-function. Those which are unsubstituted give a complex mixture of products upon pyrolytic decomposition, whereas those which are vinyl substituted are thermally converted into indolequinones,ll i.e., 
66
The synthesis of indolequinones as outlined above constitutes one of the best routes to this class of compound. An illustration of the synthetic utility of this reaction is the construction1' of 6,7-benzo-2,3-dihydro-5,8-dioxo-1H-pyrolo- [1,2u] 2-(3-acetoxypropyl) benzoLflindole-4,9-dione (8le) in reflwing aqueous methanolic hydrogen chloride gave the alcohol (83) in 94% yield. Reaction of this alcohol with toluene-p-sulphonyl chloride in pyridine gave the tosylate (84) in 57 % yield which upon reaction with potassium t-butoxide in t-butyl alcohol gave (82) in 88 % yield. 
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F. Photolysis of Azidoquinones.-Photolysis of azidoquinones in benzene with
3600A light results in transformations which are analogous to those observed for their thermal decompositions. That is, 2-azido-3-alkyl(aryl)-l,4-quinones ring-contract to 2-cyano-3-alkyl(aryl)cyclopent-4-ene-l ,3-dionesss and 2-azido-3-vinyl-l,4-quinones ring-close to the corresponding indolequinones.ll
The photolytic ring-contraction has particular advantages for the synthesis of 4-azido-2-cyanocyclopent-4-ene-l,3-diones (96) from the corresponding 2,sdiazido-l,6benzoquinones (97) . As discussed below, these diazidoquinones also thermally ring-contract to the azidocyclopentene-l,3-diones. However 
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4-ene-1,3-diones (79) results from electrocyclic ring-closure of a zwitterionic intermediate (see Scheme 1). On the basis of this mechanism one would predict that 2,5-diazido-l,4-benzoquinones would thermally generate an analogous ring-opened intermediate which could partition itself between electrocyclic ring-closure and cleavage to two molecules of a cyanoketen. In fact, when 2,5-diazido-3,6-di-t-butyl-l,4-benzoquinone (103a) was refluxed for a few minutes in anhydrous benzene, t-butylcyanoketen (104a) was formed in >95% yield as a stable cumulene in s 0 1 u t i o n .~~~~~ When the reaction was closely monitored by t.l. c., 4-azido-2,4-di-t-butyl-2-cyanocyclopent-4-ene-1,3-dione (105a) was also detected. As pointed out earlier, photolysis of the diazidoquinone (103a) with 3600A light in benzene gave a 75 % yield of the cyclopentenedione (l05a) and no keten. However, (105a) was quantitatively converted into t-butylcyanoketen in refluxing benzene. The scope of this reaction has not yet been extensively probed, but it has been shown that t-pentyl, isopropyl-, methyl-, and phenyl-cyanoketen can be generated in an analogous fashion. The t-pentyl homologue, like t-butylcyanoketen, is stable in solution; the others are not and were isolated as their methyl esters by trapping with methanol. Moore 2,6-Diazido-l,6quinones (106) also thermally cleave to cyanoketens.'g An initial ring-contraction to 2-cyano-4-azidocyclopent-4-ene-l,3-diones (105), the same intermediate as is formed from the 2,5-diazido-isomers, is followed by electrocyclic ring-opening and subsequent cleavage to give the ketens (104). 
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The generation of cyanoketens by the classical dehydrohalogenation of the corresponding acid chlorides may be difficult. This is csrtainly true for t-butylcyanoketen (104a) since reaction of a benzene solution of 2-cyano-3,3-dimethylbutyrylchloride (108) with a catalytic amount of triethylamine gives a good yield of 1,3-di-t-butyIallene ( The same product was immediately formed when a solution of the keten was similarly treated. The reaction was shown to Moore involve a triethylamine-catalysed dimerization of t-butylcyanoketen to the p-lactone (1 10) which then reacted further with the amine, as indicated, to give the allene (109). On the other hand, when t-butylcyanoketen is generated by pyrolysis of 2,5-diazido-3,6-di-t-butyl-l,4-benzoquinone (103a) it is stable for days in benzene even at the reflux temperature. Even though t-butylcyanoketen is reluctant to self-condense in benzene, it quite readily undergoes cycloaddition to other substrates. Addition to alkenes,12 a1 kynes,6O allenes,6l and carbodi-irnidesl2 have been reported, and selected examples are outlined in Scheme 3.
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H. Thermal Rearrangement of 2,3-Diazido-l,4quinones.-2,3-Diazido-l,4-quinones (1 11) undergo a fascinating rearrangement to 2-aza-3-cyano-l,4-quinones (1 12) when decomposed in refluxing chlorobenzene.* This reaction constitutes the first unambiguous synthesis of the new heterocyclic azabenzoquinone ring system. All other reported examples are hydroxy-derivatives which have several tautomeric possibilities, the azaquinone form being only one, and no evidence has been presented which would allow one to determine which isomer or isomers
In the azanaphthoquinone series one example has recently been described; 2-aza-3-phenyl-lY4-naphthoquinone has been prepared by two different r~u t e s . * *~~~~~*
CN
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The conversion of 2,3-diazido-l,4-naphthoquinone (1 1 lg) into 2-aza-3-cyanol,4-naphthoquinone (1 12g) warrants further comment. Van Allen, Priest, Marshall, and Reynolds7 have reported that 2,3-diazido-1 ,4naphthoquinone (1 1 lg) is pyrolytically converted into phthaloyl cyanide (1 13) in refluxing toluene. 
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This has been confirmed, and it has been shown that, in addition, the azaquinone (112g) is also generated.8
The propensity of azidoquinones in general to undergo thermal ringcontraction to 2-cyanocyclopent-4ene-1,3-diones suggested that such a process is also involved in the conversion of 2,3-diazidoquinones into azaquinones. Indeed, this was shown to be true. Thermolysis of 2,3-diazido-5-t-buty1-1,4-benzoquinone (1 1 la) in refluxing toluene gave predominantly 2-azido-4-t-butyl-2-cyanocyclopent-4-ene-1,3-dione (1 14) in 80 % yield. This compound, upon subsequent thermolysis in refluxing chlorobenzene, gave the azaquinones (1 12a) and (1 12b) as a 1 :1 mixture. This last transformation finds a precedent in the previously reported conversion of 2-azido-2-phenylindane-1,3-dione into 2-aza-3-phenyl-1,4-naphthoquin0ne.~~ The reactivity of the azaquinones centres around the very electron-poor imine double bond. This is illustrated for 2-aza-3-cyano-5-t-butyl-1,4-benzoquinone (1 12a), which readily undergoes nucleophilic additions as well as cycloadditions. It is also possible that reactions analogous to those described for azidoquinones might be induced from related vinylogous amides, such as aminoquinones, under oxidative conditions, e.g. the generation and chemistry of nitrenoid species from aminoquinones upon lead tetra-acetate oxidation.
The following sections summarize the limited results in these areas.
A. Thermolysis and Pyrolysis of 4-Azido-1,2-pyridazine-3,ddione.4-Azido-l,2-dimethylpyridazine-3,6-dione (126) was subjected to pyrolytic and photolytic decomposition in the nucleophilic solvents methanol and diethylamine.6@
Its thermal decomposition in the alcohol at I30 "C gave a mixture of the aminoderivatives (127) and (128) in 25 and 10 % yields, respectively. On the other hand, photolysis in methanol gave (129), (127), and (130) in 44, 20, and 5 % yields, respectively. Thermolysis of (1 26) in diethylamine gave an 8 1 % yield of 4-amino-5-diethylamino-l,2-dimethylpyridazine-3,6-dione (1 3 1). A nitrene intermediate has been suggested as the precursor of these products.
Formation of the ring-contracted product (1 30) is anaIogous to that observed for the thermolysis and photolysis of monoazido-l,4-quinones. As pointed out earlier, such a process in the quinone series is not facile when the position 6 0 T. Sasaki, K. Kanematsu, and M. Murata, Tetrahedron, 1973, 29, 529 . This cleavage reaction finds analogy in the previously described thermolysis of 2,3-diazido-1,4-naphthoquinone (11 lg) to phthaloyl cyanide (1 13). As a result, it is possible that the readily a~ailable~l-'~ azido-l,4-quinonedi-imines may be chemically similar to the azidoquinones, and their detailed study is thus warranted. C. Thermal Rearrangement of 3-Azido-2,5H-azepine-2,5-diones.-2,5H-Azepine--2,s-diones are readily prepared from 1 ,dbenzo-and 1,4-naphtho-quinones upon their reaction with hydrazoic acid in cold concentrated sulphuric acid, e.g., (16) -+ (17).2a-aa An azido-derivative in this series has recently been subjected to thermal decomp~sition,~~ arid again ring-contraction was observed. Specifically, 3-azido-2,SH4methylbenzoazepine-2,5-dione (1 35) rearranged in 80 % yield to the quinoline derivative (136) when a chlorobenzene solution was refluxed for two hours.
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In the past thirty-five years alone well over one hundred and fifty richly substituted primary amino-1 ,dbenzo-and -1 ,dnaphtho-quinones have been reported in the literature. The plethora of such readily available starting materiaIs along with the rich chemistry of the amino-group and the quinone nucleus should make a study of their oxidative rearrangements most worthwhile.
Conclusions
It is apparent from this review that the chemistry of azidoquinones and particularly of the related azidoeneones is still in its early stages of development. Many of their rearrangement, fragmentation, and cleavage reactions can be formally outlined according to Scheme 4. The penultimate precursor to the zwitterionic species (143) may be the azide (144), a nitrene, or an azirine. The group X is cation-stabilizing and Y and/or 2 are anion-stabilizing substituents. Such a scheme adequately rationalizes the observed conversions of azidoquinones into y-cyanoalkylidene-Aasfl-bu t enolides (62), 2-cyanocyclopen t -4-ene-1,3 -diones (79), 2-aza-3-cyano-l,4-quinones (1 12), and cyanoketens (104). It is also in agreement with the observed ring-con tractions of 4-azido-1,2-dirnethylpyridazine-3,6-dione (1 26) and 3-azido-2,5H-4-methylbenzoazepine-3,5-dione (1 35).
Certainly a large number of other cyclic and acyclic vinyl azides meeting the structural requirements outlined above should be investigated. Some such work has already been done and is outlined be lo^.^^-^* 
